Urea is the most abundant nitrogen (N) fertilizer used on agricultural soils, yet its effects on adjacent aquatic ecosystems are largely unknown. Here 21-d, 3000-liter mesocosm experiments were conducted monthly in a hypereutrophic lake during July-September 2007 to quantify how addition of urea might affect phytoplankton abundance, gross community composition, and algal toxicity in a phosphorus (P) -rich lake. Repeated measures analysis of variance demonstrated that addition of sufficient urea to increase ratios of soluble N : P from , 15 : 1 to . 24 : 1 (by mass) also increased algal biomass (as Chlorophyll a) and microcystin concentrations 200-400%, as non-N 2 -fixing but toxic cyanobacteria (Microcystis, Planktothrix) and less harmful chlorophytes (Micractinium, Oocystis) replaced colonial N 2 -fixing cyanobacteria (Anabaena, Aphanizomenon). No significant effects of urea amendment were recorded for trials in which N : P ratios were elevated at the start of the experiment, or in which ambient light levels were reduced to 25 mmol quanta m 22 s 21 , although preliminary evidence suggests that urea addition stimulated growth of heterotrophic bacteria irrespective of light regime. Development of toxic non-N 2 -fixing cyanobacteria by N pollution of P-rich lakes is consistent with findings from whole-lake experiments and paleolimnological studies of deep lakes, and suggests that the fertilization needed to feed 3 billion more people by 2050 may create conditions in which future water quality in P-replete regions is degraded further by urea export from farms and cities.
Global food production has doubled since the 1960s but has required a 500% increase in fertilization with nitrogen (N; Vitousek et al. [1997] ). Furthermore N use is forecast to increase nearly 100% again by 2050, due to an expected 30% increase in human population and concomitant economic and social development, which will intensify the demand for N-rich foodstuffs (meat, fish, cereal; Millennium Ecosystem Assessment [2005] ). Future fertilization with N is expected to be conducted with urea ([NH 2 ] 2 CO), a low-cost organic compound that is highly soluble in water, reduces root damage to crops, and avoids threats to society associated with conversion of inorganic N compounds into explosives (Glibert et al. 2006) . Prior to 1970, global use of urea was minimal and localized (e.g., livestock urine); however, its use has increased exponentially such that urea presently accounts for , 50% of current global N fertilizer applications (Glibert et al. 2006) . In general, urea use is most intense in regions where agriculture has been practiced . 100 yr and soils may be saturated with phosphorus (P; Carpenter [2005] ), including the Prairies of western Canada where urea accounts for 50-70% of all N applications (M. Holtzman, Saskatchewan Agriculture and Food, pers. comm.) .
Lakes of the northern Great Plains may be particularly sensitive to pollution by agricultural N because regional soils are rich in phosphorus and carbonate from glacial till (Finlay et al. 2009 ). Many prairie lakes are characterized by high mean summer concentrations of dissolved phosphorus (. 100 mg P L 21 ; Pham et al. [2009] ), low dissolved ratios of N : P (, 10 : 1, by mass; Leavitt et al. [2006] ), and phytoplankton composed mainly of N 2 -fixing cyanobacteria . Consequently, predictive relationships between total phosphorus (TP) and algal biomass (as Chlorophyll a [Chl a]) are weak (Allan 1980; Campbell and Prepas 1986 ) and water quality can be degraded uniquely by N from urban sources . Unfortunately, little is known of how contemporaneous increases in fertilization with urea may have contributed to water quality degradation on the northern Great Plains, even though pollution of regional lakes with N is widespread (Pham et al. 2008) , historical changes in water quality are correlated strongly to agricultural use of N (Hall et al. 1999) , regional cyanobacterial blooms have intensified two-to five-fold since the 1970s (Hall et al. 1999; Leavitt et al. 2006) , and agricultural N has degraded P-rich lakes elsewhere (Kilinc and Moss 2002; Bunting et al. 2007) .
Fertilization of agricultural lands with urea favors urea export to aquatic ecosystems when microbial decomposition of urea in soil is suppressed by environmental conditions or agricultural practices. During growing seasons, applied urea is hydrolyzed by extra-cellular enzymes (urease) and microbial consortia to NH z 4 , which can be exported as NH 3 , NO { 2 /NO { 3 , or N 2 O and N 2 due to volatilization, nitrification, and denitrification, respectively (Svensen and Singh 1997; Silva et al. 2005; Di and Cameron 2008) . However, use of chemical inhibitors of urease, fertilization prior to rainfall, or irrigation can increase urea export to 5-40% of N application (Glibert et al. 2006) . Furthermore, fertilization of frozen fields during winter reduces microbial activity and should favor rapid export to lakes during snowmelt in spring (Siuda and Chrost 2006) , a period that accounts for up to 80% of annual runoff in the northern Great Plains (Pham et al. z 4 are produced per molecule of urea transported, and because the CO 2 released by intracellular urease (Flores and Herrero 2005) reduces cyanobacterial reliance on active uptake of HCO { 3 at high pH (Badger et al. 2005) . Furthermore, because urea uptake immediately suppresses N 2 fixation by heterocystous cyanobacteria (Herrero et al. 2001; Flores and Herrero 2005) , pollution of P-rich water with urea may favor lowlight adapted but toxic taxa (Microcystis, Planktothrix, Cylindrospermopsis) over N 2 -fixing species (Anabaena, Aphanizomenon) .
In this study, we used a series of mesocosm experiments to determine for the first time the in situ effects of urea additions on lake water with elevated P concentrations and diverse planktonic cyanobacteria. We hypothesized that Flores and Herrero (2005) . Cellular ratios of carbon (C) to N are recorded by changes in concentrations of glutamate (Glu), which is produced from ammonium (NH addition of urea would increase total algal biomass (Turpin et al. 1985; Berman and Chava 1999) , replace N 2 -fixing cyanobacteria with nonheterocystous cyanobacteria and green algae (Barica et al. 1980; Levine and Schindler 1999; Bunting et al. 2007) , and increase the concentrations of hepatotoxic microcystin (MC) due to increased growth of N-limited Microcystis (Orr and Jones 1998; Downing et al. 2005a,b) . Additionally, we hypothesized that the stimulatory effects of urea on cyanobacterial growth may be greater under low-light conditions in which the energy supply for N 2 fixation may be more limited. Given the rapid global increase in the use of urea as N fertilizer and the essential role it will play in future food production, it is imperative to better understand the potential effects of urea on aquatic ecosystems.
Methods
Study site-Experiments were conducted monthly in Wascana Lake, a small (0.5 km 2 , 7.5 m maximum depth) hypereutrophic lake (x 5 38.4 mg Chl a L 21 ; 1998-2007) situated in the city of Regina, Saskatchewan, Canada (50u26.179N, 104u36.919W). The lake was created by the impoundment of Wascana Creek in 1883, but was subsequently deepened to , 2 m in the 1930s and to 7.5 m in 2004 (Hughes 2004) . Wascana Lake receives runoff from an urban park within the City of Regina and from farmland via the 1400-km 2 Wascana Creek catchment (McGowan et al. 2005) . Spring snow melt accounts for 80% of annual surface runoff (Pham et al. 2009 ), leading to seasonally variable, but generally low water residence times (x 5 0.05 yr). The combination of runoff from naturally fertile soils, urbanization, and intensive agriculture results in elevated mean (6 SD) summer soluble reactive (SRP) and TP concentrations of 200 6 169 mg P L 21 and 299 6 208 mg P L 21 (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , respectively, and low ratios of total dissolved nitrogen (TDN) to soluble reactive phosphorus (SRP) of 6.7 6 6.6, by mass.
Wascana Lake routinely experiences blooms of both N 2 -fixing (Anabaena, Aphanizomenon) and non-N 2 -fixing cyanobacteria (Planktothrix, Microcystis; McGowan et al. [2005] ; Patoine et al. [2006] ). Although large-bodied Daphnia spp. (D. magna, D. pulicaria, D. galeata mendotae) are common zooplankton during April-June, pelagic invertebrate communities during July-September are composed of abundant rotifers and low densities of copepods (Diaptomus thomasi, Leptodiaptomus siciloides) due to intense seasonal predation by migratory cyprinids and stickleback fishes (McGowan et al. 2005; Patoine et al. 2006) , which themselves suffer heavy mortality due to winter anoxia. Piscivorous fish are rare in the lake.
Mesocosm experiments-Nine cylindrical mesocosms (2-m diameter, 1-m deep, 3000-liters) were secured onto floating frames in a sheltered bay (, 4 m deep) of Wascana Lake during 2007. The mesocosms were constructed from an opaque white poly-weave plastic held in shape with 3-cm-wide black plastic rings at the top and bottom of the enclosures. Mesocosms were open to the atmosphere, but closed at the bottom, and did not include lake sediments.
Enclosures were filled directly with untreated water directly from the lake by collapsing each weighted bag, submersing each mesocosm to , 1.5-m depth, pulling the upper ring to the lake surface, and securing the enclosure to the frame , 30 cm above lake level. No attempt was made to modify invertebrate densities in any experiment, and occasional fish were removed from all bags using minnow traps.
Each experiment consisted of three replicates of each of three treatments; urea addition under ambient light conditions (UL), urea addition under darkened (low-light) conditions (UD), and unamended controls (C). Analyticalgrade urea was added to each treated bag weekly at concentrations high enough (15 mg N L 21 ) to ensure that N would not be limiting and that N 2 -fixation would be suppressed (TN : TP . 24 : 1, by mass; Smith et al. [1995] ; Havens et al. [2003] ). The quantity of urea added was based on measured TP concentrations from 1997 to 2007 for Wascana Lake (range 5 158-595 mg P L 21 ), but was greater than urea concentrations observed in Qu'Appelle lakes during 2008 (0.25-1.0 mg N L 21 as urea). However, TDN concentrations in amended enclosures were similar to those observed in regional hard-water lakes (. 10 mg N L 21 ; Pham et al. [2009] ). For each amended enclosure, urea was dissolved into whole-lake water and mixed into the mesocosms with a paddle on days 1, 7, and 14. For each trial, we installed brown cotton-polyester covers over the low-light mesocosms at the start of the experiment. Analysis with Hobo Light Loggers (Onset Computers) revealed that covers reduced incident midday sunlight to , 25 mmol quanta m 22 s 21 at 0.5 m, a value , 5% of that recorded for uncovered enclosures (, 590 mmol quanta m 22 s 21 at 0.5-m depth) in July.
Separate experiments were run for 21 d each during July, August, and September 2007. These short experiments were intended to quantify variation in urea effect among seasons, while reducing artifacts arising from excessive periphyton growth. Each mesocosm was sampled between 10:00 h and 12:00 h; immediately after initial urea addition (day 1), immediately before urea addition on days 7 and 14, and on the final day 21. Samples were also taken from the lake adjacent to the mesocosms. On each sampling date, we recorded: water temperature (uC), conductivity (mS cm 21 ), and oxygen (mg O 2 L 21 ) using a YSI model 85 meter at 0.5-m depth; surface pH using a calibrated handheld pH meter (accuracy 6 0.1 unit); and water transparency using a 20-cm Secchi disk. As well, water samples for chemical and biological analyses were collected using a 6-liter Van Dorn water bottle deployed at 0.5-m depth. Duplicate bottle casts were pooled, screened through a 243-mm mesh to remove invertebrates, and collected in 10-liter carboys for transport to the lab within 1 h of collection. Nutrient samples were filtered through 0.45-mm-pore membrane filters and stored in the dark at 4uC until analysis for nutrient content (see below).
Whole-water samples for microscopic quantification of algal community composition were collected using the Van Dorn bottle at 0.5-m depth from each UL and C mesocosm on days 1 and 21. Samples of 100 mL were preserved with Lugol's iodine solution before identification to genus, enumeration, biovolume estimation (mm 3 mL 21 ), and calculation of wet-weight biomass (mg L 21 ) by Dr. A. St.
Amand of PhycoTech. Phytoplankton abundance was also quantified from algal and bacterial pigments in particulate organic matter (POM) that was prescreened (243-mm mesh), concentrated onto GF/C glass-fibre filters, and frozen (210uC) until analysis. In addition, periphyton growth on the walls of the mesocosms was monitored by suspending strips of bag material (, 30 cm 3 80 cm) at 0.5-m depth. After each week, we removed a strip, scraped off all algal growth, suspended the algae in a known volume of water and analyzed for Chl a as described below. Periphyton growth was calculated over the entire interior surface of the mesocosms (9.42 m 2 ) for comparison with planktonic algal abundance. Finally, possible changes in density of heterotrophic bacteria were determined within 24 h for all treatments on day 14 and 21 of the September experiment alone. Stainton et al. (1977) . Although urea was also quantified, this compound had largely degraded to NO { 3 during refrigerated storage (up to 3 months) and reliable estimates of water-column concentrations in mesocosms could not be obtained. Fortunately, analysis of similar mesocosm experiments conducted during 2008 using frozen water samples revealed that urea remained abundant in the water column of amended treatments for $ 1 week following addition (M. Bogard and P. R. Leavitt unpubl.) . Analysis of dissolved inorganic (DIC) and organic carbon concentrations followed standard Environment Canada (1979) procedures using a Shimadzu model 5000A total carbon analyzer (Finlay et al. 2009 ).
Nutrient enrichment bottle bioassays were conducted using whole water from Wascana Lake as part of a 16-yr monitoring program , and were used to indicate immediate algal nutrient limitation in the present study. Briefly, 12 acid-washed 250-mL bottles were filled with 243-mm screened, depth-integrated water from a central location in Wascana Lake. Triplicate bottles received one of four treatments including 0.032 mol L 21 inorganic N as NH 4 NO 3 , 0.032 mol P L 21 as K 2 HPO 4 , both N and P, or no addition. All bottles were incubated in the laboratory for 72 h at ambient lake temperatures and under a 12 h : 12 h light : dark regime with irradiance equivalent to that experienced at Secchi depth (Finlay et al. 2009 ). After the incubation period, phytoplankton was filtered onto GF/C filters and processed for Chl a analyses, as described below.
Whole-water samples of 100 mL were collected on each date and frozen (24uC) before determination of total water-column concentrations of the cyanobacterial toxin MC, an important algal hepatotoxin in many lakes of the northern Great Plains (Hall et al. 1999; Leavitt et al. 2006) . Immediately prior to analysis, frozen samples were thawed and refrozen twice to rupture cells and release soluble toxins. Suspensions were then filtered through 1.2-mm pore GF/C glass fibers to remove POM, and analyzed for MC concentrations using the Enzyme-Linked Immuno-Sorbent Assay kits of Envirologix following modified methods of Repala et al. (2002) .
Algal abundance was estimated for each sampling date by quantifying water-column concentrations of algal pigments using standard trichromatic assays (Jeffrey and Humphrey 1975) and high performance liquid chromatography (HPLC; Leavitt and Hodgson [2001] ). Frozen POM samples were thawed and extracted using either pure acetone (spectrophotometry) or a standard mixture of acetone : methanol (80 : 15, by volume). HPLC analyses were restricted to the most abundant carotenoid and Chl pigments including fucoxanthin (mainly siliceous algae), diatoxanthin and diadinoxanthin (mainly diatoms), myxoxanthophyll (colonial cyanobacteria), Chl b (chlorophytes), lutein-zeaxanthin (cyanobacteria and chlorophytes), alloxanthin (cryptophytes), peridinin (dinoflagellates), and aphanizophyll (N 2 -fixing cyanobacteria). On this HPLC system, carotenoids from Aphanizomenon (aphanizophyll), Anabaena (4-keto-myxoxanthophyll) and the Oscillatoriaceae (oscillaxanthin) were incompletely resolved and were presented together as aphanizophyll (Leavitt and Hodgson 2001) . Pigments were isolated and quantified using a Hewlett Packard model 1100 HPLC system that had been calibrated with authentic standards, as detailed in Leavitt and Hodgson (2001) . All HPLC pigment concentrations were expressed as nmol pigment L 21 before calculation of pigment ratios.
POM samples were analyzed for stable isotope content of nitrogen (d 15 N) and carbon (d 13 C) on each sampling date to investigate whether N and C from urea (d 15 N urea 5 21.2 6 0.1%, d 13 C urea 5 240.3 6 0.9%) or native sources of dissolved elements (initial d 15 N water 5 2-5%, d 13 C water 5 218% to 222%) were incorporated into microbes associated with POM (initial d 15 N POM 5 2-5%, d 13 C POM 5 225% to 228.5%). All samples were analyzed using a Thermoquest Delta Plus XL isotope ratio mass spectrometer equipped with a Thermoquest NC2500 Elemental Analyzer following appropriate sample preparation. Specifically, GF/C-filtered water samples were freeze-dried to a powered residue, whereas POM was concentrated onto GF/C filters and then isolated manually using forceps following drying at 40uC , while urea was analyzed directly using the analytical-grade pellets added to the experiment. All isolated samples were dried completely at 40uC and , 2 mg dry weight was packed into tin capsules before combustion. Stable isotope ratios are reported in the conventional d notation with respect to atmospheric N and organic matter standards. Although d 13 C water values do not include contributions of CO 2 , this DIC species is rare at the elevated pH (. 9.0) observed in mesocosms (Stumm and Morgan 1996) .
Numerical analyses-Differences in initial conditions for each experiment were analyzed using analysis of variance (ANOVA). In contrast, repeated-measures ANOVA (RM-ANOVA) was used to test the overall treatment effect and the presence of an interaction between time and urea treatment effects on concentrations of Chl a, MC, O 2 , d 15 N POM , and algal pigments in mesocosms. RM-ANOVAs had three treatment levels (UL, UD, C; a 5 3) applied to three replicate enclosures (n 5 3) with measurements performed on each replicate four times (t 5 4; Paine [1996] ). The probability of significant main effect (p treatment ) was determined using a critical F-statistic (F) that has two (a 2 1) treatment and six (a [n 2 1]) degrees of freedom, in this case F 0.05[2,6] 5 5.14, for a significance level of 0.05 (Howell 2002 ). Similarly, we tested for the probability of significant changes in treatment effect through time (p interaction ) using a critical F-statistic that had six ([a 2 1][t 2 1]) and 18 (a[n 2 1][t 2 1]) degrees of freedom (F 0.05[6,18] 5 2.66). Because algal enumerations were only conducted on initial and final dates in UL and C treatments, critical F 0.05 [1, 4] was 7.71 for both treatment and interaction effects. Pair-wise comparisons were evaluated for significant RM-ANOVAs using Tukey's post hoc tests. Most pigment data required normalization by log 10 (x+1) transformation prior to analyses. Finally, principal components analysis (PCA) was used to quantify how algal community composition varied through time under different treatments after first log 10 (x+1)-transforming and centering the HPLC pigment data (Hall et al. 1999) . ANOVAs were performed using SYSTAT version 10, whereas PCAs were performed using CANOCO version 4.5.
Results
Initial conditions-Water-column concentrations of nutrients and algae (as Chl a) varied during the summer of 2007, creating differences in the initial nutrient status of algae in each monthly experiment (Fig. 2) . Mid-lake concentrations of SRP were high (, 170 mg P L 21 ) during May, declined to a minimum of , 50 mg P L 21 by mid-July, then increased to intermediary values of , 130 mg P L 21 during September (Fig. 2a) . In contrast, TDN concentrations remained stable at , 1000 mg N L 21 during MayJuly, but increased during August and September to over 1500 mg N L 21 , whereas Chl a (C in Fig. 2b ) declined from a spring maximum through the June clear-water phase before increasing linearly through the remainder of the sampling period. In general, SRP concentrations during 2007 were lower than long-term (1998-2006) means (6 SD) for Wascana Lake (299 6 208 mg P L 21 ), whereas mass ratios of TDN : SRP were higher (, 16-24 : 1) in control mesocosms than expected based on historic lake values (6.7 6 6.6 : 1; Table 1 ). As a result of this variability, nutrient enrichment assays suggested that instantaneous algal growth was potentially limited by supply of PO 3{ 4 during the July experiment, whereas N or N + P significantly (ANOVA p , 0.007) limited algal growth during August and September (Fig. 2b) .
Temporal variation in lake conditions also resulted in significant differences in initial chemical conditions among monthly mesocosm experiments (Table 1) . For example, mean initial concentrations of SRP increased from , 29 mg P L 21 to , 100 mg P L 21 from July to September experiments. Although TDN also increased during this period, mean mass ratios of TDN : SRP declined from 24 : 1 in July to , 15 : 1 during August and September (ANOVA p , 0.10). Addition of urea increased TDN concentrations to . 20 mg N L 21 and TDN : SRP ratios to . 250 : 1 in each amended trial. Overall, initial oxygen content, water temperature, and pH all declined significantly (all ANOVA p , 0.001) from July to September (Table 1) . Finally, shading of the UD mesocosms reduced initial light intensity at 0.5-m depth to 30%, 32%, and 18% of control levels during July, August, and September experiments, respectively.
Effects of urea amendments-Algal biomass (as Chl a) increased 200-400% following urea amendment to well-lit UL mesocosms during August and September (Fig. 3b,c) . Furthermore, RM-ANOVA revealed that Chl a concentrations in UL were significantly greater than those in either UD or C treatments during September (p treatment 5 0.002, p interaction 5 0.018; Table 2 ) and marginally greater during August (RM-ANOVA p interaction 5 0.064). In contrast, there were no significant differences among treatments during the July experiment (all p . 0.1). Although algal biomass in the UD mesocosms was intermediate to that of UL and C trials in most experiments, Chl a concentrations in amended low-light trials were not significantly different from those of control enclosures (Table 2) . Overall, periphyton accounted for only 1.6% of total Chl a in any experiment (range 5 0.2-6.8%) and exhibited no significant differences between treatments or over time in any experiment (all p . 0.1).
Microscopic analysis of algal biomass on initial and final sampling dates of each experiment suggested that changes in Chl a resulted mainly from effects of urea on algal biomass and not from changes in cellular pigment content (Table 3) . As was observed for analysis of Chl a on the last date of each experiment (Fig. 3) , concomitant enumeration of algae revealed that mean (6 SD) total algal biomass was significantly higher in the UL trials (26.8 6 3.7 mg L 21 ) than the C treatments (16.4 6 1.0 mg L 21 ) by the end of the September experiment (RM-ANOVA p interaction 5 0.036), but not during July and August runs (RM-ANOVA p . 0.05; Table 3 ). Furthermore, ANOVA revealed that ratios of Chl a : biomass were not significantly different between C and UL treatments in any experiment (all ANOVA p . 0.05).
The addition of urea to the mesocosms dramatically altered gross algal community composition as determined by HPLC analyses of water-column pigments (Fig. 4) . In each experiment, the relative proportion of pigments from green algae and cyanobacteria (lutein-zeaxanthin) increased two-to four-fold in UL treatments (Fig. 4b ,e,h) relative to controls (Fig. 4a,d,g ), although this trend was only statistically significant (RM-ANOVA p treatment , 0.003) during July and September experiments (Table 2) due to high variability in controls of the August trial. Analysis of changes in the absolute concentration of pigments revealed that this response reflected independent increases in the abundance of both chlorophytes (Chl b) and colonial cyanobacteria (myxoxanthophyll; Fig. 5 ; Table 2 ). In contrast, the relative abundance of pigments from N 2 -fixing cyanobacteria (aphanizophyll) declined markedly in both UL and UD trials during July and August experiments (Fig. 4b,c,e,f) , often to absolute concentrations that were lower in UL than in C trials in August and September experiments (Table 2) . Finally, absolute concentrations of pigments from diatom (diato- xanthin) and cyptophyte algae (alloxanthin) increased during UL trials during July and September experiments (Table 2) , although these did not result in an increase in the relative abundance of these taxa (Fig. 4) .
PCA successfully captured most of the temporal variation in HPLC pigment assemblages (83.4-88.4%) on the first two ordination axes and demonstrated that increases in green algae occurred rapidly (, 1 week) while other changes in algal communities required more time (Fig. 6 ). For example, differences in overall pigment assemblage composition were greatest between initial communities (x symbols) and UL trials sampled in week 1 (open squares) in both August and September experiments, and occurred along the first PCA axis, as defined by changes in chlorophytes and nonheterocystous cyanobacteria. In contrast, suppression of N 2 -fixing cyanobacteria by urea was correlated to variation along the second PCA axis and was evident mainly after 3 weeks under high light conditions (Fig. 6a,c) . PCA also suggested that although the pigment assemblage of UD treatments (grey symbols) was comparable to that of UL in July (Fig. 6a) , UD composition was more similar to the control mesocosms (black symbols) in August and September experiments (Fig. 6b,c) .
Microscopic analysis of algal communities (Table 3 ) helped identify the genera responsible for the changes in community composition identified by HPLC, although RM-ANOVA suggested that the high replicate variability and limited sampling regime (day 1, 21) reduced the statistical significance of observed differences among treatments. For example, increased abundance of green algae in UL trials during August and September experiments was consistently associated with elevated densities of the chlorophyte Micractinium spp., rather than Oocystis spp., which increased only in August (Table 3) . In contrast, declines in heterocystous cyanobacteria identified by HPLC reflected decreased abundance of Anabaena spp. during July and of Aphanizomenon spp. during September (Table 3) . Of the common MC-producing cyanobacterial genera identified in Wascana Lake, both Microcystis and Planktothrix increased in UL trials during the August experiment, while Microsystis abundance declined in both UL and C in September (Table 3 ). Due to high variation among replicates, only changes in Microcystis density during August and September were statistically significant (Table 3) .
Temporal changes in the microcystin content of mesocosms were similar to patterns recorded for the main MCproducing cyanobacteria, Microcystis and Planktothrix. For example, concentrations of MC increased over fivefold by the end of the August UL trials, with mean toxin concentrations significantly (RM-ANOVA p treatment 5 0.041) greater (6.1 mg L 21 ) than those in control enclosures (2.5 mg L 21 ; Fig. 7 ). Although MC concentrations were also elevated (5.9 mg L 21 ) at the start of the September experiment, differences among treatments were not significant (ANOVA p . 0.5) and MC concentrations declined concomitant with losses of Microcystis (Table 3) . When all three experiments were pooled, MC concentrations were significantly and positively correlated with Microcystis biomass (r 2 5 0.24, p 5 0.003), but not with Planktothrix alone or with the sum of Planktothrix and Microcystis biomass (both p . 0.05).
Addition of urea also appeared to alter the metabolic activity of heterotrophic bacteria in amended mesocosms. For example, O 2 concentrations were lower in UD than in both UL and C treatments in all three monthly experiments (RM-ANOVA p treatment , 0.001; Table 2 ) despite similar initial concentrations (Table 1 ) and algal concentrations that were generally greater than those of the C mesocosms (Fig. 3) . In addition, plate-count determinations of most probable number (mpn) of heterotrophic bacteria suggested that microbial densities were significantly greater (ANOVA p 5 0.031) in UD (28,500 6 17,400 mpn mL 21 ) and UL treatments (20,100 6 1220 mpn mL 21 ) than in control mesocosms (7800 6 4900 mpn mL 21 ) during the final 2 weeks of the September experiment. Bacterial densities in amended treatments were also substantially greater than mean (6 SD) coliform densities recorded for Wascana Lake during August and September of 2007 (2100 6 600 mpn L 21 ) by the City of Regina (G. Nieminen, Environmental Services Dept., Regina, pers. comm.).
Analysis of the stable isotope composition of POM suggested that both N and C from urea were incorporated substantially into algae and bacteria of amended mesocosms (Fig. 8) (Fig. 8b,d ,f).
Discussion
Analysis of mesocosm experiments provides the first in situ evidence that pollution of P-rich lakes with urea may uniquely degrade water quality. For example, addition of growth-saturating concentrations of urea to hypereutrophic water from Wascana Lake increased algal biomass as Chl a (Fig. 3 ) and toxin concentrations (Fig. 7) by up to 400% and suppressed HPLC estimates of N 2 -fixing cyanobacteria (Figs. 4, 5 ) under conditions when initial soluble N : P mass ratios were , 15 : 1 (Table 1) , instantaneous algal growth was limited by N supply (Fig. 2) , and Microcystis was subdominant within the phytoplankton community (Table 3 ). In contrast, effects of urea were less pronounced when incident light was reduced 68-82%, initial N : P ratios were already . 24 : 1, instantaneous algal growth was P-limited, and Microcystis was abundant but senescent. Furthermore, preliminary evidence suggests that densities of heterotrophic bacteria increased in response to urea amendment under all experimental conditions (e.g., O 2 in Table 2 ). Overall, these patterns are consistent with expectations from previous laboratory (Turpin et al. 1985; Berman and Chava 1999) , mesocosm (Barica et al. 1980; Levine and Schindler 1999) , and whole-ecosystem experiments (Barica et al. 1980; Lathrop 1988; Levine and Schindler 1999) in P-rich freshwater biomes, as well as preliminary studies from coastal marine habitats (Beman et al. 2005; Howard et al. 2007 ). Such deleterious effects of urea may be expected to increase in the future, because urea is currently the predominant agricultural fertilizer used globally (Glibert et al. 2006 ) and its use is expected to nearly double by 2050 (Millennium Ecosystem Assessment 2005) .
Biomass response-Urea stimulation of algal abundance as Chl a (Fig. 3 ) and cellular biomass (Tables 2, 3) was greatest when P was abundant and N supply limited algal growth. These conditions were most common in experiments where SRP concentrations exceeded , 60 mg P L 21 (Table 1) , mass ratios of soluble N : P were initially , 15 : 1 (Table 1) , N 2 -fixing cyanobacteria were common ( Fig. 4 ; Table 3 ), and bottle bioassays indicated that instantaneous growth of algal communities was limited by N supply (Fig. 2b) . Interestingly, the magnitude of Chl a response to added N was only marginally greater for mesocosm amendments with urea ( Fig. 3) than for bottle bioassays that received NH 4 NO 3 (Fig. 2b) , suggesting that algae responded mainly to chemically reduced N (NH z 4 , urea), rather than the precise chemical species of N. Increased environmental concentrations of such reduced N compounds are rapidly acquired by cyanobacteria by both diffusion and high-affinity uptake mechanisms (Fig. 1) , thereby increasing cellular levels of NH z 4 , altering concentrations of glutamate, repressing NtcA transcription promoter activity, and immediately suppressing N 2 -fixation in heterocysts (Herrero et al. 2001; Flores and Herrero 2005) . As demonstrated by the electron, C, and N budgets of Turpin et al. (1985) , this shift from N 2 to NH z 4 can effectively double the production of individual cyanobacterial species (Anabaena). Laboratory and field experiments suggest that this production difference may be even greater in mixed phytoplankton communities (Berman and Chava 1999;  Fig. 3b ), likely because of differences in N-use efficiencies among algal taxa (Turpin 1991) .
Fertilization with reduced N species also increases algal biomass in other N-limited aquatic systems, although the magnitude of phytoplankton response has been site-specific in past experiments. For example, Barica et al. (1980) demonstrated that addition of NH 4 NO 3 to 10-m-diameter enclosures with TP concentrations . 125 mg P L 21 increased mean Chl a concentrations , 200%, when Microcystis replaced N 2 -fixing Aphanizomenon as the biomass-dominant taxon (see their fig. 3 ). Similar magnitudes of algal response were recorded for other large pelagic mesocosms fertilized with reduced N and P relative to those receiving only P (Levine and Schindler 1999) . In contrast, N additions have less effect on phytoplankton densities in ponds with TP , 50 mg P L 21 (Barica et al. 1980) , littoral mesocosms with abundant phytobenthos (Levine and Schindler 1999) , and lakes with exceptionally high phytoplankton abundance (200-500 mg Chl a L 21 ; Lathrop [1988] ). Differential effects of N addition were not simply a matter of experimental scale, because past ecosystem manipulations have variously favored replacement of N 2 -fixing Aphanizomenon by chlorophytes (Barica et al. 1980 ) and continued predominance of nonheterocystous but potentially toxic Microcystis (Lathrop 1988) . Similarly, the combination of mass-flux budgets and paleoecological analyses demonstrates that pollution of Prich lakes (. 100 mg P L 21 ) with N increases total algal and cyanobacterial biomass by 200-500% Bunting et al. 2007 ). Taken together, these studies suggest that unique effects of N pollution are most evident when water-column TP exceeds 100 mg P L 21 (SRP . 50 mg P L 21 ) possibly because elevated algal biomass favors light limitation of N 2 fixation and maximizes energetic advantage of reduced N compounds. Changes in the isotopic content of POM suggest that increased microbial biomass in amended mesocosms arose, in part, due to direct incorporation of C and N from urea into algal and bacterial cells (Fig. 8) . Because N 2 fixation is necessarily suppressed by urea addition (Fig. 1) , that compound would be expected to be the main source of depleted N (d 15 N urea 5 21.2 6 0.1%) to algae and bacteria and, therefore, declines in d 15 N POM relative to controls may indicate incorporation of urea-N into cellular mass, particularly during August and September. Similarly, urea would be expected to be the main source of highly depleted C (d 13 C urea 5 240.3 6 0.9%), because methanogenesis should be limited in these aerobic sediment-free enclosures. However, because d 13 C POM declined $ 5% in all amendments (Fig. 8b,d ,f) irrespective of changes in algal biomass (Fig. 3) , and because there were few consistent differences among UL and UD trials, we infer either that C was assimilated with different efficiency from N (c.f., Andersson et al. 2006) , or that response of heterotrophic bacteria to urea amendments was as pronounced as that of phytoplankton (e.g., O 2 in Table 2 , Sep plate counts). Heterotrophic bacteria readily acquire urea (Mitamura et al. 1994; Jorgensen 2006) , particularly in eutrophic lowlight conditions (Park et al. 1997) ; therefore, the unusually low d 15 N POM in UD (Fig. 5b ) is potentially consistent with the discrimination by bacteria against 15 N observed when N is replete (McGoldrick et al. 2008) .
Contrary to expectations, effects of urea amendment on algal biomass as pigments diminished under low-light (UD) treatments relative to those observed in unshaded mesocosms (Figs. 3, 5) . We had anticipated that because algae require much less energy to produce biomass from NH z 4 than from N 2 (Turpin et al. 1985) , addition of urea might be advantageous for N-limited phytoplankton under low light, particularly because urea appears to be a preferred N source for some cyanobacteria (Berman and Chava 1999) and because non-N 2 -fixing cyanobacteria (e.g., Planktothrix) often predominate in optically shallow hypereu- trophic lakes (Bunting et al. 2007 ). Instead, although Chl a concentrations were often two-fold greater in UD than C enclosures during August and September, these differences were not statistically significant and algal biomass as Chl a was markedly lower than in well-illuminated enclosures (Fig. 3) . Slow declines in Chl a recorded in both July and September UD experiments, combined with low irradiance regimes (, 25 mmol quanta m 22 s 21 at 0.5 m), suggest that E influx may have been insufficient for vigorous growth of even nonheterocystous cyanobacteria in UD treatments (Ritchie 2008; Bramm et al. 2009 ). In addition, elevated densities of bacteria may lead to complex interactions between autotrophic and heterotrophic components of the pelagic community that constrained algal response to urea addition. At present, we are addressing this issue by more thoroughly quantifying changes in bacterial abundance (DAPI stains), production ( 3 H-thymidine incorporation), and community composition (nucleic-acid markers) in contrast to those of algae along a gradient of urea concentrations and N : P ratios.
Community composition-Addition of urea suppressed N 2 -fixing cyanobacteria (Aphanizomenon, Anabaena), stimulated growth of nonheterocystous but toxic cyanobacteria (Microcystis, Planktothrix), and favored development of small-celled chlorophytes (Micractinium, Oocystis) in welllit P-rich enclosures (Table 3) . Heterocystous cyanobacteria are historically predominant in Wascana Lake during late summer (McGowan et al. 2005) , similar to other hypereutrophic systems (Sterner 1989; Jacoby et al. 2000; Havens et al. 2003 ), because they fix N 2 , have effective C-concentrating mechanisms (Badger et al. 2005) , and exhibit buoyancy regulation (Huisman et al. 2004 ). However, genetic and physiological studies also Fig. 4 . Relative (%) abundance of major algal groups as determined by HPLC pigment analyses of mesocosm water (nmol pigment L 21 ). Algal groups include green algae and cyanobacteria (black), green algae (gray diagonal stripe), siliceous algae (black diagonal stripe), mainly diatoms (dotted), total colonial cyanobacteria (gray), cryptophytes (horizontal black stripe), dinoflagellates (vertical stripe), and N 2 -fixing cyanobacteria (white). Results are from (a-c) July, (d-f) August, and (g-i) September experiments. Control mesocosms are presented in the left column (a, d, g), whereas UL and UD treatments are in the central (b, e, h) and right column (c, f, i). clearly demonstrate that N metabolism in cyanobacteria is under centralized control in which elevated cellular concentrations of NH following N uptake immediately suppress N 2 fixation (Herrero et al. 2001; Flores and Herrero 2005) . Consequently, addition of urea should eliminate any growth advantage of N 2 -fixing species, while favoring small-celled chlorophytes that grow quickly when nutrient replete (Happey-Wood 1991) and low-light adapted, nonheterocystous cyanobacteria (Scheffer et al. 1997; Havens et al. 1998; Huisman et al. 1999) . Interestingly, responses of chloropytes were much more rapid than those of heterocystous cyanobacteria (Fig. 6) , possibly because of intrinsically rapid chlorophyte reproduction or because luxury consumption of nutrients may have sustained cyanobacterial growth during these comparatively short experiments.
Fertilization with reduced N compounds has produced variable effects on phytoplankton community composition in other N-limited or P-rich aquatic ecosystems. In general, addition of NH 4 NO 3 has promoted chlorophyte algae under conditions in which benthic production is potentially great (e.g., shallow ponds, littoral mesocosms; Barica et al. . Principal components analyses (PCA) of major algal groups as determined by HPLC analyses of pigments in Wascana Lake mesocosms. Arrows represent algal taxa vectors of the major taxonomic groups (chlorophytes, cryptophytes, dinoflagellates, diatoms, colonial cyanobacteria, and N 2 -fixing cyanobacteria). X symbols represent the initial algal community in each mesocosm (n 5 9), while open, gray, and black symbols represent the algal communities in the UL, UD, and C mesocosms, respectively. Squares represent the community after 1 week of incubation, while triangles and circles represent weeks 2 and 3, respectively.
[1980]; Levine and Schindler [1999] ), whereas the same addition to turbid lakes and pelagic mesocosms favors Microcystis and other nonheterocystous cyanobacteria (Barica et al. 1980; Lathrop 1988; Levine and Schindler 1999) . Within the Qu'Appelle catchment, mass-flux studies demonstrate that pollution of 15-m-deep hypereutrophic Pasqua Lake with NH z 4 from the City of Regina has increased densities of Microcystis and other cyanobacteria by nearly 500% . As noted by Elser (1999) , additional differences in phytoplankton composition may arise because of transient or permanent changes in herbivore assemblages; however, because large-bodied (. 1-mm) Daphnia and copepods are rare in Wascana Lake during late summer (McGowan et al. 2005; , food-web interactions are unlikely to have overridden the effects of urea amendments in this experiment. Nonetheless it remains difficult to predict the longterm (annual) effects of urea on this ecosystem because Wascana Lake is presently 2.5-m deep on average (1.5 m prior to 2004) and has abundant algae characteristic of both pelagic (Aphanizomenon, Anabaena, Microcystis) and littoral habitats (coccoid and desmid chlorophytes; McGowan et al. [2005] ; Patoine et al. [2006] ; Table 3 ). Instead, further experiments are required to better quantify how ecosystem depth, total P content, and precise chemical species of N interact to regulate algal community composition in these regional and other eutrophic lakes.
Cyanobacterial toxins-Addition of urea to P-rich mesocosms increased microcystin concentrations four-fold above World Health Organization advisory limits (1.0 mg L 21 ) when Microcystis was subdominant and light was abundant (UL August ), but not if P (UL July ) or light (all UD) limited algal growth (Fig. 7) . As expected from previous studies (Carmichael 1994) , MC concentrations were correlated positively with changes in Microcystis biomass (r 2 5 0.24, p 5 0.003). In general, the MC content of these cyanobacteria is greatest when cells are growing rapidly (Orr and Jones 1998; Downing et al. 2005a,b) and mass-specific concentrations decline when populations senesce (Park et al. 1998) . Consequently, we suggest that the 10-fold decline in Microcystis density (Table 3) and MC concentration during the September experiment reflects population senescence following a decline in mean water temperatures from 23.6uC in August to levels in September (17.6uC), which were below those needed for rapid growth of Microcystis (McQueen and Lean 1987; Robarts and Zohary 1987; Jö hnk et al. 2008) . Such elevated MC concentrations following urea addition in August (Fig. 7b ) are also consistent with our mass-balance and paleolimnological studies of hypereutrophic Pasqua Lake (mean summer SRP . 150 mg P L 21 ) in which we find that pollution with urban NH 3 has increased total cyanobacteria , five-fold (Hall et al. 1999; Leavitt et al. 2006) and produced MC concentrations during summer of 5-10 mg L 21 (D. B. Donald and P. R. Leavitt unpubl.) .
Limitations of mesocosm experiments-Despite clear implications of our findings for forecasting effects of urea pollution on the biomass, composition, and toxicity of phytoplankton communities in P-rich eutrophic lakes, and congruence of our findings with whole-ecosystem studies (Barica et al. 1980; Lathrop 1988) , mass-balance studies Bunting et al. 2007) , and other large enclosure experiments (Barica et al. 1980; Levine and Schindler 1999) , we encourage caution in extrapolating findings from these mesocosms to larger spatial and temporal scales (Carpenter 1996; Schindler 1998 ). In particular, experimental amendments required to increase N : P mass ratios in these P-rich lakes (summer SRP Wascana 5 200 6 169 mg P L 21 ) may have also produced instantaneous urea concentrations (20 mg N L 21 ) that were much greater than those seen in regional lakes (0.25-1.0 mg N L 21 ). At present, it is unclear whether the apparently intense heterotrophic response to urea addition seen best during September was influenced by super- abundant concentrations of urea, because whole-lake additions of NH 4 NO 3 also stimulate growth of planktonic bacteria (Barica et al. 1980) . Even so, experimental concentrations of urea were similar to those seen in primary-treated wastewater commonly used by small urban centers and larger coastal cities, while elevated runoff as urea (, 40% of total N) occurs following intense storm events (Zhao et al. 2009 ). In addition, because increases in algal biomass as Chl a (maximum , 400%) were substantially less than the 10-fold increase in TN (Table 1) and the 40-fold potential rise in ambient urea concentrations, we infer that similar magnitudes of algal response might be achieved with substantially lower additions of urea, particularly if urea stimulates algae primarily by reducing energetic constraints on N acquisition (Fig. 1) . Finally, although the closed-bottom mesocosm design eliminates nutrient subsidies and biotic contributions from benthic habitats, thereby complicating interpretation of N effects in shallow P-rich lakes (Levine and Schindler 1999) , these pelagic mesocosms have proven to be reliable predictors of the response of deep eutrophic lakes to N addition (Lathrop 1988) .
Interpretation of the present experiments will be improved by conducting additional analyses at the same scale, as well as by performing whole-lake experiments. In particular, additional information is required on the relative effects of different species of N on phytoplankton in P-sufficient systems (NO { 3 ,NH z 4 , urea; Berman and Chava [1999] ; Howard et al. [2007] ), how heterotrophic and autotrophic communities interact, the potential effects of in situ production of urea, and of the relationship between urea concentration and the magnitude of biotic responses. All these issues would benefit from replicated mesocosm experiments. On the other hand, only a suite of whole-lake fertilizations with P alone, urea alone, and urea plus P will provide the requisite realism demanded by some ecosystem scientists (Carpenter 1996; Schindler 1998) and clearly identify the unique effects of pollution with organic N in Prich systems. However, because these experiments are costly (. $1,000,000 each), slow, and rarely replicated, yet the global use of urea is increasing at a near-exponential rate (Glibert et al. 2006) , we suggest that a diverse portfolio of approaches, including mass-balance studies, replicated mesocosm experiments, lake surveys, and whole-system experiments will most rapidly increase scientific insights and minimize environmental damage by urea.
Prior to 1970, global use of urea as an agricultural fertilizer was minimal (Glibert et al. 2006) ; however, at present it accounts for , 50% of worldwide N use by farms and its application is expected to double again by 2050 (Millennium Ecosystem Assessment 2005) , particularly in regions where centuries of farming have saturated soil capacity to retain P, increased nutrient export to lakes, and created conditions in which lakes are replete with P (Carpenter 2005; Bunting et al. 2007 ). As outlined above, unique effects of urea and other forms of chemically reduced N may be most evident in lakes with . 100 mg TP L 21 (SRP . 50 mg P L 21 ), an ecosystem type that was rare in the 1960s, but which has become more abundant due to increases in P from diffuse sources (Carpenter et al. 1998 ).
Unfortunately, our present understanding of the linkages between urea fertilization and its transport to downstream aquatic systems is limited (Svensen and Singh 1997; Silva et al. 2005; Di and Cameron 2008) , and further research is needed immediately to protect inland and coastal waters (Beman et al. 2005) , while provisioning the additional 3 billion people expected within the next 50 yr.
